Abstract Throughout the living world trade-offs between reproductive success and longevity have been observed. In general, two extremes of life history patterning are reported, r-and K-selected species. The latter tend toward larger body sizes, few offspring from any one pregnancy, few offspring over the female reproductive span, longer life spans, and greater parental investment (PI: all efforts and expenses associated with the production, gestation, post-natal care, feeding, and protection of young) (e.g., whales, elephants, hominids). r-selected species tend toward smaller body size, multiple births/litters per pregnancy, female production of many gametes and offspring over the life span, and low levels of PI (e.g., most plants, insects, mice). These differences have significant influences on physiological variation among human populations.
Introduction

Life History Theory Tradeoffs
Human life history and much of human culture is based around the rearing of infants and children. Our evolutionary success in life is measured by our relative reproductive success or the relative number of offspring successfully birthed and reared to reproductive age (Crews, 2003; Sterns, 1992; Sterns and Hoekstra, 2000) . Humans appear to be a K-selected species, meaning that they tend toward larger body sizes, few offspring from any one pregnancy, few offspring over the female reproductive span, and longer lifespans (e.g., whales, elephants, and other hominins). r-selected species however, tend toward smaller body size, multiple births/litters per pregnancy, and female production of many gametes and offspring over the life span (e.g., many plants, insects, mice) (MacArthur and Wilson, 1967; Pianka, 1970) . If species that reproduce less live longer, it would seem advantageous for species that must survive long term to limit reproduction in order to save resources for self-investment (SI).
Throughout the living world trade-offs between reproductive success and longevity have been observed by those studying the evolutionary biology of life history traits (Sterns, 1992; Sterns and Hoekstra, 2000) . Reproduction is costly. It uses energy and resources that could be expended upon selfmaintenance and individual survival. Birds provide an excellent example (Roff, 1992) . The principle energetic cost of reproduction for birds is supplying food to offspring prior to weaning and fledging. When raising young, birds increase their basal metabolic rate (BMR) to a level that is equivalent to heavy human labor (Roff, 1992) . Increased BMR is a severe physiological stress. Although its immediate effects have not been documented, such investment may alter survival possibilities. When stored energy is depleted, the organism must either cease reproductive effort or degrade essential body components. Continued reproductive effort under such conditions also may increase susceptibility to disease or hinder internal allostatic responses to adverse environmental conditions, and thereby increase the likelihood of death (Roff, 1992) .
In the evolutionary biology of senescence this tradeoff is now known as the disposable soma theory (Kirkwood, 1977; Kirkwood and Rose, 1991) . It suggests that there are trade-offs each organism makes between investing resources into somatic and physical growth and maintenance versus investing in reproduction of the germ line. This theory predicts young age at fist birth and high parity should be associated with a shorter life span among women because early or high levels of fertility place high physical costs on these mothers which, in turn, shorten their lives (Smith et al., 2002) . The best way to save resources and live long would be to not reproduce at all. Then, all resources could be used for SI in building a stronger body and living longer. However, not reproducing reduces reproductive success (RS) to zero and provides no individual genetic contribution to future generations. There must be an equilibrium point at which both RS and longevity are maximized.
Materials and Methods
To begin, a literature review of correlates of reproduction and longevity was completed. After analyzing this information a model relating late reproduction, parental investment, and reserve capacity to longevity was developed. To test this model, the literature was reviewed to obtain data on life history traits and longevity of females from 77 countries or groups (see Appendix A). Measures obtained include: mean age at menarche, mean age at first birth, mean age at childbearing, mean age at menopause, life expectancy at birth, and wealth, measured as per capita gross domestic product (GDP in $US) (see Appendix A). Missing data are due to a lack of information or availability.
Mean age at menarche and menopause were obtained through a review of the literature on studies of menarche and menopause in specific countries and groups. In most cases mean age at first birth and mean age at childbearing and wealth estimates were obtained from publications of the United Nations. However, for Gambia, High Altitude populations, Hunter-Gatheres, and chimpanzees, data come from other literature (see Appendix A for references). Life-expectancy data were obtained from publications of the United Nations. However, for chimpanzees, High altitude populations, and Hunter-Gatherers, data come from other literature (see Appendix A for references).
Analysis of Data on Life History Traits and Longevity
All data were entered into an Excel spreadsheet (Appendix A) and then Pearson correlation coefficients between all pairs were estimated. The NCSS for Windows (Hintze, 1998) was then used to regress the dependent variable (life expectancy) on each of the independent variables. The linear regression model used was yϭaϩbx. However, for many variables, log transformations were used to linearlize their distributions prior to regression analysis, thereby transforming curvilinear relationships into linear ones on a log scale. The linear regression model for log transformations used was log yϭ log aϩb log X where yϭab x . Following these analyses, the effects of per capita income, mean age-at-first-birth, and mean age at childbearing on average longevity were examined jointly to determine independent effects of these variables on longevity. Results are presented as variance explained (Rsquared), and p-values. Countries or groups with missing data were deleted from specific graphs and analyses.
Previous Research
Parental investment
Complex and conflicting results from studies on the number of children born to a woman and her age at death suggest that multiple factors confound simple associations between parity and longevity (Table 1) One important factor appears to be resources and parental investment (PI) allotted to offspring. PI includes all efforts and expenses associated with the production, gestation, post-natal care, feeding, and protection of young (Trivers, 1972) . r-and K-selected species both have the potential for achieving high reproductive success. Although rselected species tend to have many more offspring, they must spread their limited resources across these offspring and therefore provide little if any post-reproductive PI. Conversely, K-selected species generally produce fewer offspring, but their offspring receive more investment per individual, often over an extended time period. In K-selected species, longer and greater PI provides more opportunities for each individual offspring to survive to reproduce.
Environment and culture
Over hominin evolutionary history, the environment often was much harsher than today and not all offspring survived the hazards of life to themselves reproduce (Crews and Gerber, 2003; Crimmins and Finch, 2005) . In order to ensure RS, mothers often produced many offspring so that some would survive to reproduce themselves. Over evolutionary time humans became better able to manipulate their environments through culture and thereby increased both adult and child survival (Crews, 2003) . Through culture, humans today survive well past the time they complete reproduction. A similar model applies to the culturally developed environments humans have created for their favored domestic animals (e.g. dogs, cats, rodents) that survive as much as 10 times longer than do their wild counterparts (Crews, 2003; Crews and Gerber, 2003) . Among humans as childhood mortality rates dropped and survival increased, a decreased emphasis on quantity of children was replaced by an increased emphasis on quality of offspring.
Among K-selected species, more efficient, longer term, and greater overall quality of PI provide better opportunities for each individual offspring to survive to reproduce. Among humans, female RS likely is determined less by fecundity than by the quality and amount of PI available to offspring. The amount of PI and wealth available may play a major role in family size and planning of reproduction. Each new child added to the family decreases the quantity of resources available for investment in earlier-born children. Having fewer children provides more resources for investing into each child and possibly a greater chance for each one's survival (Mace, 1998). However, having fewer children can still be very costly to parents.
Cost of children
Among humans, infants' needs for long-term PI likely has greatly influenced human culture, biology, physiological variation, and patterns of longevity (Crews, 2003) . During hominin evolution, the trend towards bipedalism placed new stresses on fetal development, neonatal size, hominin birth processes, and female pelvic structure (Crews, 2003; Crews and Gerber, 2003) , or vice versa. Women who tended to produce less developed neonates likely were more reproductively successful then those who continued the hominoid trend of precocial offspring (Crews, 2003) . Humans' altricial neonates are less physically mature at birth, slower developing due to less development in utero, and require greater PI over their longer maturation periods. Over evolutionary time the process of increasing altriciality extended the length of time needed to attain specific life history milestones (e.g., menarche, adult body size, reproductive function, age of maximum reproductive potential) to around twice that observed for extant chimpanzees. This also extended the time to completion of reproductive effort/parental investment to over 4 decades (Crews and Gerber, 2003; Crews, 2003; Smith, 1993; Shea, 1998; Smith and Tompkins, 1995) . Birth at an earlier stage of maturity requires longer periods of post-natal development, which require more energetic resources and a secure and stable environment following birth. Maintaining such an environment adds to the costs of PI. These additional resources would otherwise be used to increase the survival of the mother or to reproduce additional offspring. Less developed neonates (2002) reproduction on mothers and fathers compared to women with 7 to 11 children. Low parity after age 60.
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The numberof progeny was small when women died young, Westendorp and Kirkwood (1998) Historical Data from British Aristocracy increased by age of death, reached a plateau through the 6th, 7th, and 8th decades, but decreased again in women who died at 80 years or over.
present multiple hazards to parents. Not only do they use precious resources, their mere presence increases the visibility of parents and their vulnerability to predators. Less physically developed, atricial neonates require greater PI to survive from birth to reproductive age than do the precocial newborns of other hominoids. Parents generally value their children and view their children's successes as their own achievement (e.g., inclusive fitness, kin-selection, nepotism). Today, parents attempt to raise their children at least to a standard of living approaching their own. The cost of education and other necessities are frequently referred to by parents as deterrents to large family size in modern societies (Mace, 1998). A report from the U.S. Department of Agriculture in 1994 estimated that a typical middle class family will spend $136,230 dollars on one child from birth through the age seventeen. This figure does not include any parental expenditures on college, the time cost of child rearing, or any gifts and bequests after age 17 (Peters and Unur, 2004). A survey by Lino (2000) reported that a twoparent middle-class family (one with income between $36,000 and $61,900) spends roughly $160,000 per child on food, housing, clothing, childcare, education, and other goods. These expenditures are made before the child turns 18 and do not include the costs of college. (Foster, 2000) .
Monetary expenditures only begin to capture the costs of children; many costs do not involve out-of pocket payments (Foster, 2000) . Time costs are something that is often overlooked. One study reported that mothers devote 29 hours per week to the care of their children. If this is valued at the minimum wage, this allocation of time would double Lino's (2000) estimate of the costs of a child (Foster, 2000) . Both today and in the past, PI may continue into grandparenthood.
High PI surely strains a mother's resources. If offspring require high energy inputs less is available for maintenance of one's own soma. One way to prevent somatic strain is to increase the amount of resources available or to spread energetic needs of offspring across a larger period of time. If the PI/energy needed by an individual to grow from conception to reproductive adult equals PI total (PIT), evolutionarily there are at least two ways to reduce immediate or daily PI (PId) expended (the sum of PIdϭPIT). One would be to reduce the size (s) of offspring at maturity (M) (i.e., sM tϩ1ϽsMt). A smaller size requires fewer resources. Another is to spread the PIT over a longer period of time (i.e., PIdtϩ1ϽPIdt). By reducing PI during gestation thereby gestating smaller or less developed neonates, a species can reduce PId during gestation. By slowing growth and development after birth it could reduce PId even more over the period of maintenance. This provides some energetic insurance. By decreasing needed PId, parents can spread needed resources over time and have less chance of loosing already invested resources. If all resources are invested in a smaller amount of time, there may be no room for unforeseen shortages or a day's failure. Whereas if resources are spread out, if parents have one bad day they can make up for it another day and not loose everything already invested.
Is there such a thing as too much PI?
Does excessive PI in early life act to the detriment of the mother's survival later in life? The total PI to raise a child is a significant investment of resources from a parent. PI occurs both pre-and post-reproduction. Pre-reproduction PI includes growing and developing the soma (a reproductive organ), producing gametes, mate searching/selection, and gestation; post-reproductive PI includes feeding, care, and protecting (see Crews, 2003; Clutton-Brock, 1991) . PI includes internal resources used by the fetus during gestation that could have otherwise gone to self-maintenance. Maternal weight gain during pregnancy affects the offspring's current and future health (Norgan, 2000) . Females must acquire adequate calories and nutrition, while also caring for themselves during gestation in order to ensure their ultimate reproductive success. In marginal environments, reproduction often leads to maternal wasting (Block et al., 2004; Stein and Lumey, 2000) . By definition PI does not end with birth in humans and other Kselected species. Post-natally, PI becomes more expensive when caring for and protecting atricial young.
Reserve capacity
Ensuring that offspring survive to reproductive adulthood and reproduce is energetically expensive. For any organism, the simplest way to ensure survival through RS may be to build sufficient capacity into needed structures and mechanisms that they overshoot the minimum needed (Crews, 2003) . As culture developed, making the environment less stressful, humans were able to use their excess resources to build up a somatic RC. A large RC also allows females more opportunity to invest resources in offspring. Animals that develop greater RC, i.e: greater lung volume, redundancy of cells, tissues, organs, more muscle cells, faster sensory responses, greater strength or speed, and highly variable immune systems are better able to escape predators, and survive diseases, accidents, and harsh environmental conditions. These animals have developed "redundant capacity" or greater "physiological reserve" (Crews, 2003; Hayflick, 1998) .
By overshooting the capacity needed for simple survival and RS, these phenotypes increase their viability and may invest excessive RC to extending their life spans (Crews, 2003) . Survival, of animals beyond their sexual maturation and maximum reproductive potential (MPR) or of a spacecraft beyond its primary mission, ultimately is determined by RC present at the time this stage or goal is reached (Hayflick, 1998). Over evolutionary time, the demand for increased RC to achieve greater RS drives the system. Today, the RC remaining among humans after reproductive efforts are complete is large and readily available for somatic maintenance and longevity. This in part may explain why low socio-economic status (SES) is correlated with greater trade-offs between reproduction and longevity. Fewer resources may lead to smaller somatic investments and thus lower RC, ultimately decreasing individual odds of long-term survival among lower SES persons. Greater RC or redundancy increases survival odds and enhances opportunities for RS. This also suggests that more robust women will express greater fecundity and longevity than less robust ones (Smith el al., 2002) . Robust women have more resources, greater RC and likely are able to invest more into their offspring.
Slowing of developmental stages
Delaying reproduction is one way to increase RC. Delaying sexual maturation allows additional resources to be invested into RC over an extended period of time. Delaying investments in offspring allows an organism more time to build its soma and to develop its RC. Lengthening the period of premature SI and slowing the pace of development leads to an older age at reproductive maturity and a later age at first reproduction. Neanderthal and erectine fossils indicate earlier maturation than among boys and girls today; this suggests they also were reproducing at earlier ages and likely were grandmothers in their mid to late 20s and early 30s (Bogin, 1999 . Slow development along with increased ages at maturity and reproduction are a feasible evolutionarily stable strategy (ESS) only when organisms already are assured of low mortality hazards during long-term growth and development. This occurs only after sufficient resources are consistently available (e.g., whales, elephants, hominids) or the organisms are able to manipulate their own environment sufficiently well, not only during development stages but also during mature ages, to provide ample time to complete their reproductive tasks (Austad, 1997; Charnov, 1993; Crews and Gerber, 2003; Weismann, 1989) . Later ages at reproduction increase age not only at first reproduction, but also of all reproductive LH events and increase the minimum necessary life span (MNLS) thereby increasing longevity (Crews, 2003, 2005) .
Late reproduction
Although no consistent association between parity and longevity has been shown across multiple studies (Table 1) , a strong correlation between late-life reproduction and longevity has been observed (Table 2) (Table  2) (Voland and Engel, 1989) . When first delivery occurred during the later third of the fecund lifespan, the average lateproducing mother survived four years longer than mothers who completed their childbearing during the first two decades. The authors suggest that both variables, mother's survival and her number of surviving children, are equally dependent on a third variable, the mother's age at the birth of her first child. Apparently total fertility is not very important for longevity. This may be because parents invest the same amount of resources regardless of how many children they have. Conversely, age of the mother at first birth is associated with longevity because it determines the length of time used for SI and building RC prior to reproducing. Given equal environmental resources, a woman who uses 40 years to build her RC before reproducing will have a greater RC than a woman who uses only 20 years to build her RC before reproducing.
As with experimental animal models, humans who retain reproductive capability longer may tend also to survive longer. When rodents or insects are breed for long life or achieve extended life spans on calorie-restricted diets, they also tend to show reduced early life fecundity and improved life spans Women who bear children before age 20 show significantly higher mortality risks late in life than those who birthed after age 40; the later showed a five percent lower mortality (Table  2) (Doblhammer, 2000) . Among the British Aristocracy longevity also is positively correlated with age at first childbirth (Table 2 ) (Westendorp and Kirkwood, 1998). Apparently reproducing later in life does allow women to increase their RC and live longer.
Results
All possible variables were examined for bivariate correlations (Table 3 ). Significant positive correlations were observed between mean age at first birth and wealth, mean age at first birth and life expectancy, menopause and wealth, and wealth and life expectancy.
Menarche and life expectancy and age at first birth and menopause are of borderline statistical significance (Table 3) . Menarche explains 29% of the total variation in life expectancy (pϭ0.083). Age at first birth explains 29% of the total variation in menopause. No conclusions can be drawn from these data due to the small number of individuals with information on menarche and menopause.
Only association showing a significant bivariate correlation (pՅ.05) were examined with use of regressions. In regression analysis, wealth is a significant predictor of menopause, life expectancy, and first birth. Wealth significantly predicts age at menopause across populations [menopauseϭ(47.4Ϯ0.5)ϩ (0.0001Ϯ0.00003)wealth], explaining 64% of the total variation in life expectancy (pϭ0.002, see Fig. 1 ]. In this case, wealth explains 60% of the total variation in life expectancy (pՅ0.000005) using a log transformation (see Fig.  2 ). Wealth is also a significant predictor of age at first birth explaining slightly less variation than in life expectancy [firstbirthϭ(14.1Ϯ0.02)wealth (0.065Ϯ. 005) ]. In this case, wealth explains 55% of the total variation in age at first birth (pՅ.000005) using a log transformation (see Fig. 3 ).
The most significant and highly correlated variables are age at first birth and life expectancy. In regression analysis, age at first birth significantly predicts life expectancy 124 Parental Investment, Late Reproduction, and Increased Reserve Capacity Are Associated with Longevity in Humans Fig. 4 ) using a log transformation.
To determine the independent effects of mean age at childbearing, mean age at first birth, and wealth on life expectancy, all 4 variables were log transformed and entered into a single regression model. Mean age at menarche and mean age at menopause are not included because of the small number of populations with this information. In this case, wealth is not a significant predictor of life expectancy (pϭ0.129). However, both age at first birth ( pՅ0.000005) and age at childbearing (pϭ0.001) are significant independent predictors of life expectancy, explaining 73% of the total variation in life expectancy.
To be sure of these results, wealth was left out and a second regression was run to determine the independent effects of mean age at childbearing and mean age at first birth on life expectancy. All 3 variables were log transformed and entered into a single regression model. As with the previous analysis, both mean age at first birth ( pՅ0.000005) and mean age at childbearing (pϭ0.0003) are significant predictors of life expectancy, explaining 72% of the total variation in life expectancy. Figure 5 shows the relationship between the age of attainment of 5 life history traits: mean age of menarche, mean age of first birth, mean age of childbearing, mean age of menopause and life expectancy at birth in select countries for which all data were available. These lines illustrate the close association of mean age at first birth with life expectancy.
Discussion
All significant results suggest that resources and timing of reproduction influence other life history events and life expectancy. The weakest of these correlations being wealth and menopause. This may be due to a small sample of data on menopausal ages. In univariate analysis mean age at childbearing is not a significant predictor of life expectancy. However, when entered jointly in a regression model with age at first birth, and wealth, mean age at childbearing shows a significant and positive association with life expectancy. This suggests that the effect of mean age at childbearing is in part due to correlations with mean age at first birth, but it also has an influence independent of mean age at first birth, adding explanatory power. The strongest associations observed across nations are between wealth and life expectancy and between first birth and life expectancy (Figs. 2 and 4) . In univariate analyses wealth shows a significant and positive association with life expectancy. However, when entered jointly in a regression model with age at first birth, and age at mean childbearing, the effect of wealth is reduced below statistical significance due to its colinearity with age at first birth. These results conform to the model that late reproduction is associated with increased RC and longevity. Delayed reproduction is consistently associated with increased life span, suggesting that resources accumulated during earlier life may produce greater RC in those who reproduce at later ages. The high correlations between per capita income, mean age at first birth, and life expectancy suggest that cultural mechanisms relating to wealth provide opportunities for accumulating additional RC and may allow later ages at first and subsequent reproduction, and opportunities for greater average longevity of women.
Conclusion
Investment in one's longevity may start very early in life, even before reproductive maturity. By delaying reproduction and not investing resources into children during early life, resources may be saved and invested in somatic maintenance and RC. Increasing personal RC provides more resources to invest in children at later times and can allow for increased PI. This increased PI allows children to use less of their own resources. In turn, these savings allow them to increase their own RC. PI during children's early life, will allow them to reach higher RC even before reaching reproductive maturity. With increased RC and need for resources for PI spread over a longer time period, parents are able to invest more into each offspring, allowing children to decrease the amount they must invest into themselves. Children have both higher PI and have saved SI because they were protected by their parents. This goes back to the theory of quality PI. A child whom receives better quality PI, will have a higher RC and will potentially live longer, given all other trade-offs are held constant.
With less resources spent on children per unit time (PId), more is left for parents to bank as RC. Today there are fewer stressors on both parents and children, than when hominins originally evolved, and greater PI was necessary for somatic development and maintenance of offspring. RC now remains available for somatic maintenance after reproductive effort and this is invested in our now greater longevity. RC varies within any population. Some people may develop low reserve capacity across one or across multiple systems and die young; others develop high reserve capacity across multiple systems and become centenarians (see Fig. 3 .2, Crews, 2003: 77) . Longevity evolved in hominins not out of the need for longlife, grandmothers, embodied capital, or to learn language and culture (Hawkes et al., 1997 (Hawkes et al., , 1998 Bird and Bleige-Bird, 2002) . Late-life survival as seen today seldom (if ever) occurred among any human population before the advent of settled agriculture. Such extended late-life survival also does not exist among extant apes; even in captivity their maximum life span is well under 60 years (Bercovitch and Harding, 1993; Crews, 2003; Crews and Gerber, 2003) . Rather, long life evolved because the development of culture reduced child and adult mortality hazards, provided a safe, secure and constant microenvironment conducive to growth and development of less physically mature offspring compared to other hominids, and released energetic supplies previously needed for PI and for the maintenance of one's own adult soma, to be invested in RC through greater SI (see Crews, 2003 for a more thorough review).
It is not the relationship between parity and longevity that is important, rather it is the relationship between amount of RC left over after reproduction and PI that determines longevity.
Increased RC is not the result of a need for greater PI; rather greater RC comes through greater cultural and less somatic PI into any one offspring. Late-life survival is the byproduct of humankind's unique adaptive strategies that included culturally maintained environments and altricial offspring (Crews, 2003; Crews and Gerber, 2003) . The importance lies in the quality of PI not its quantity. This may help explain why studies of parity and longevity are inconclusive: Someone could have one child and invest all of their resources into her/him and live just as long as someone else who has 5 offspring and invests the same total resources into them. The key to longevity lies in building up a large RC, which may be accomplished by delaying reproduction. This suggests that modern human life history is a reflection of the co-evolution of culture, increased RC, extensive PI, and longevity as part of this species' biocultural evolution. In the future, more extensive studies on late childbearing and longevity in multiple populations in different environmental settings will provide additional evidence of the benefits of slow development and late reproduction for resource accumulation as RC and extended survival.
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